Chemokines are chemotactic cytokines that control the migration of cells between tissues and the positioning and interactions of cells within tissue. The chemokine superfamily consists of approximately 50 endogenous chemokine ligands and 20 G protein-coupled seven-transmembrane spanning signaling receptors. Chemokines mediate the host response to cancer by directing the trafficking of leukocytes into the tumor microenvironment. This migratory response is complex and consists of diverse leukocyte subsets with both antitumor and protumor activities. Although chemokines were initially appreciated as important mediators of immune cell migration, we now know that they also play important roles in the biology of nonimmune cells important for tumor growth and progression. Chemokines can directly modulate the growth of tumors by inducing the proliferation of cancer cells and preventing their apoptosis. They also direct tumor cell movement required for metastasis. Chemokines can also indirectly modulate tumor growth through their effects on tumor stromal cells and by inducing the release of growth and angiogenic factors from cells in the tumor microenvironment. In this Masters of Immunology primer, we focus on recent advances in understanding the complex nature of the chemokine system in tumor biology with a focus on how the chemokine system could be used to augment cancer immunotherapeutic strategies to elicit a more robust and long-lasting host antitumor immune response. Cancer Immunol Res; 2(12); 1125-31. Ó2014 AACR. 
Introduction
The directed movement of cells is tightly regulated by the spatial and temporal expression of chemokines (1) . Chemokines are chemotactic cytokines that regulate the trafficking and positioning of cells by activating the seven-transmembrane spanning G protein-coupled chemokine receptors (GPCR). In addition to GPCRs, chemokines also bind non-G protein-coupled seven-transmembrane spanning receptors called atypical chemokine receptors (ACKR) that lack the ability to engage conventional chemokine receptor signaling pathways and, instead, act to scavenge chemokines to help maintain chemokine gradients in tissue. Chemokines are basic proteins that also bind to glycosaminoglyans, which play important roles in their biology. Chemokines are divided into four subfamilies based on the position of the first two Nterminal cysteine residues, including the CC, CXC, CX3C, and XC subfamilies. To date, nearly 50 chemokines and 20 signaling chemokine receptors and four AKCRs have been identified. Differential expression of chemokine receptors on leukocytes results in selective recruitment of specific cell types under particular conditions, providing appropriate and efficient immune responses tailored to the infecting pathogen or foreign insult. Beyond their pivotal role in the coordinated migration of immune cells to the site of inflammation, chemokines are now appreciated to play important roles in the development of lymphoid tissues, in the maturation of immune cells, and in the generation and delivery of adaptive immune responses (1) . Dysregulated expression of chemokines and their corresponding receptors is implicated in a broad range of human diseases, including autoimmune and inflammatory diseases and cancer (2, 3) .
Tumors are increasingly recognized as a complex microenvironment made up of many different cell types that cohabit and communicate with each other in a complicated signaling network. It is becoming increasingly recognized that cancer can only be fully understood by understanding the function of each cell type in the tumor and how these different cell types interact within the tumor microenvironment (TME). This includes understanding the cross-talk between cells in the tumor in the form of chemokines and cytokines and their effects on the immune response and metastasis.
Chemokines are essential coordinators of cellular migration and cell-cell interactions and therefore have great impact on tumor development. In the TME, tumor-associated host cells and cancer cells release an array of different chemokines, resulting in the recruitment and activation of different cell types that mediate the balance between antitumor and protumor responses. In addition to their primary role as chemoattractants, chemokines are also involved in other tumorrelated processes, including tumor cell growth, angiogenesis, and metastasis (ref. 3; Fig. 1 ). In this Masters of Immunology primer, we focus on the roles of chemokines in cancer biology and tumor immunology and their potential as adjuncts for cancer immunotherapy.
Tumor Growth and Progression
Unlike normal cells that carefully maintain cellular homeostasis by strictly regulating the spatiotemporal expression of (8) and downregulation of Bcl-2 expression or inhibition of caspase-3 and caspase-9 activation (9). Tumor cells have been shown to acquire the ability to produce growth-promoting chemokines and to express chemokine receptors. For instance, melanoma has been found to express a number of chemokines, including CXCL1, CXCL2, CXCL3, CXCL8, CCL2, and CCL5, which have been implicated in tumor growth and progression (10) . Alternatively, tumor cells may overexpress chemokine receptors, thereby creating a feedback loop in which more cancer cells divide under the influence of growth-promoting chemokines that are available in the TME. For example, CXCR4, which is normally not found on breast epithelial cells, is often expressed on breast cancer cells. The overexpression of CXCR4 renders the tumor cells responsive to its cognate ligand CXCL12 (11, 12) . Furthermore, tumor cells can stimulate stromal cells to synthesize and secrete growth-promoting chemokines, establishing a reciprocal tumor-stromal interaction that favors tumor growth. Accessory cells in the TME, such as cancer-associated fibroblasts and macrophages, have been demonstrated to produce chemokines and promote tumor growth (13) (14) (15) .
Angiogenesis
Cancer cells within a tumor rely on blood vessels to acquire adequate oxygen and nutrients as well as to eliminate waste (4, 16) . Angiogenesis has been described as a rate-limiting step in tumor formation and progression (16) . Because a tumor is a rapidly proliferating mass of cells, it requires accelerated neoangiogenesis to provide for the escalating demand in oxygen and nutrient consumption (16) . Chemokines and their receptors have been implicated as important regulators of tumor angiogenesis (17), and have been described to have a dual function in tumor blood vessel formation. CXCL12 is the most potent angiogenic chemokine. In fact, mice deficient in CXCL12 or its receptor CXCR4 have vascular abnormalities (18, 19) . Other CXC chemokines have also been implicated in angiogenesis. CXC chemokine can be subcategorized into two groups based on the presence of ELR (Glu-Leu-Arg) motif at the N-terminus (17) . Generally, ELR þ CXC chemokines (CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8) that activate CXCR1 and CXCR2 have been described as promoters of angiogenesis, whereas those without the ELR motif (CXCL4, CXCL9, CXCL10, CXCL11, and CXCL14) have been shown to be inhibitors of angiogenesis. However, as mentioned above, CXCL12, which is an ELR À chemokine, has angiogenic activity.
Chemokines can affect angiogenesis via binding to chemokine receptors expressed on endothelial cells, leading to increased migration and in some cases proliferation and the inhibition of apoptosis (17) . Chemokines can work in concert with other angiogenic factors to promote angiogenesis (17) . Some chemokines, such as CXCL8 and CXCL12, upregulate the expression of VEGF, generating a positive feedback loop in which VEGF further enhances the angiogenic chemokine production (20, 21) . Furthermore, chemokines can attract angiogenic factor-producing leukocytes, such as macrophages, into the TME, accelerating angiogenesis (22) .
As mentioned above, chemokines are also capable of inhibiting angiogenesis. CXCL4 and CXCL10 can suppress basic fibroblast growth factor-and VEGF-induced angiogenesis as well as inhibit endothelial cell chemotaxis and proliferation (23) (24) (25) (26) . These effects have been shown to be mediated by the ability of CXCL4 and CXCL10 to displace basic endothelial growth factors from their required heparan sulfate proteoglycan coreceptors (23) (24) (25) . Furthermore, CXCL9, CXCL10, and CXCL11 can attract CXCR3-expressing CD4 þ T-helper (Th) 1 cell or CD8 þ cytotoxic T cells that may be involved in the angiostatic responses.
Metastasis
Metastasis refers to the process during which malignant tumor cells spread from the site of the primary tumor to distant sites of the body and is the leading cause of death for most solid tumors. Metastasis is a highly complex process, which consists of local invasion, intravasation, circulation, extravasation, proliferation/colonization, angiogenesis, and growth (27) . A number of studies have found that chemokines play an integral role in metastasis. Tumor cells express selected chemokine receptors, which can help direct tumor cells to specific anatomic sites to form metastases (28) . These sites of metastasis produce particular chemokines that attract circulating tumor cells into a "premetastatic niche," which has a supporting microenvironment for the growth of metastatic tumor cells (28) .
CXCR4 and its ligand CXCL12 have been implicated in metastasis. Blockade of the CXCR4/CXCL12 axis suppresses the metastasis of breast cancer to the lung (29) . Its involvement in metastasis has also been demonstrated in different types of tumors, such as prostate cancer, lung cancer, and glioblastoma (28) . In human patients, expression of CXCR4 is correlated with increased tumor metastasis (30) (31) (32) (33) . The entry of tumor cells into lymphatic vessels is critical for the development of metastasis, and CCR7 and its ligand CCL21 are critical for this process for dendritic cells (DC) and T cells and may also play a similar role for tumor cells (28) . In addition, it has been demonstrated that CCL1 produced by lymphatic endothelial cells in the subcapsular sinus can 
Chemokines in Tumor Immunology
In addition to their intrinsic cellular alterations that allow unchecked proliferation, tumor cells interact with their surroundings to form and sustain a favorable TME by promoting angiogenesis, inflammation, and metastasis as well as modulating the systemic immune response. Although the concept of cancer immunosurveillance was once abandoned, the discovery of the importance of host IFNg in rejecting tumor cells has laid the foundation for renewed interest in cancer immunotherapies (35) To eradicate a tumor, effector cells must migrate into the TME, and the presence of effector cells within a tumor can be a positive prognostic indicator. CXCR3 and its ligands CXCL9 and CXCL10 are strongly associated with Th1-biased immune response (37, 38) . The quality of the Th1-biased immune response is an important determinant of an effective protective antitumor cellular immune response (36 (46) . Selective depletion of Tregs in various experimental and spontaneous tumor models has been shown to potently induce NK-cell-and T-cell-dependent antitumor immunity (47) (48) (49) (50) , and the presence of Tregs in patients with cancer is associated with a poor prognosis (51) . In ovarian cancer, intratumoral CCL22 and CCL28 expression is upregulated and can attract CCR4 þ or CCR10 þ Tregs, respectively, which can suppress antitumor responses (51, 52) and enhance angiogenesis via the secretion of VEGF (52) . Furthermore, in a spontaneous breast cancer metastasis model, CCR4 þ Tregs promote the formation of metastases via inducing apoptosis of NK cells (53) . Of note, it has been demonstrated that Tregs can coexpress Th-specific transcription factors and chemokine receptors to ensure appropriate specific control of proinflammatory effector Th-cell responses. For example, T-bet and CXCR3 are not only expressed on Th1 cells but are also expressed on Tregs in a Th1-type environment (54) (55) (56) . For tumors to escape from the host protective immunity, which is largely Th1-dependent, it is possible that tumor cells instruct Tregs to express T-bet and CXCR3 to suppress Th1-specific immune responses. Interestingly, most of the Tregs in human ovarian carcinoma express CXCR3 (57). TAMs and MDSCs are heterogeneous populations of immunosuppressive myeloid cells of differing developmental status (58) . They can be distinguished by the expression of different surface markers. TAMs and MDSCs infiltration is seen frequently in various models of cancer. They are able to suppress both NK-cell-and T-cell-mediated antitumor immunity and are potent producer of protumorigenic mediators such as arginase 1, inducible nitric oxide synthase, and TGFb (58). Furthermore, they can increase the infiltration of Tregs into tumor bed via releasing different chemokines (59, 60) . Various sets of chemokine and chemokine receptor, including CCR2/ CCL2, CCR5/CCL5, CXCR2/CXCL5, and CXCR4/CXCL12, have been shown to promote tumor progression by increasing the formation, recruitment, and suppressive activity of TAMs and MDSCs (61) (62) (63) .
Chemokines in Cancer Therapy
Standard first-line cancer therapies, such as chemotherapy and radiotherapy, have been demonstrated to, at least partially, rely on their immunostimulatory effects for their therapeutic efficacy (64) . It has been suggested that the specific immune contexture of a tumor can be correlated to clinical outcomes (65) . Thus, the presence of specific chemokines in the TME may be a determinant of therapeutic efficacy.
In a murine-transplantable tumor model of fibrosarcoma, anthracycline treatment induces the expression of CCL2 in tumor-bearing mice (66) . The therapeutic efficacy of anthracycline relies on CCL2-dependent recruitment of CD11b
high cells into the tumor bed. These cells act locally as APCs to stimulate the effector T-cell response. Notably, CD11b þ CD11c þ Ly6C high cells are the major producers of CCL2, thereby generating a positive feedback loop for optimal chemotherapy-induced antitumor responses. In melanoma, chemotherapy can also induce intratumoral expression of CXCR3 ligands and CCL5, which are important for effector T-cell trafficking into the tumor bed (67) . There is a positive correlation between the expression of these chemokines and clinical outcome. CXCL10 is also associated with the response to radiotherapy (68) . IFNg-producing CD8 þ T cells are important effector cells in radiotherapy. Depletion of these cells abrogated the antitumor effect of radiotherapy. Type I and II IFN-dependent production of CXCL10 by myeloid cells is required for the recruitment of CD8 þ effector T cells to achieve the antitumor effect of radiotherapy.
Despite the beneficial effects of chemokines that are induced by chemotherapy, chemokines can also contribute to drug resistance, thereby increasing tumor cell survival. For example, in a breast cancer model, chemotherapy with doxorubucin and cyclophosphamide directly kills tumor cells (69) . However, these chemotherapeutic agents also induce the expression of CXCL1 and CXCL2 via a TNFa-stimulated NF-kB pathway. As a result, there is an increased recruitment of myeloid suppressor cells in the TME, which are linked to enhanced tumor survival and metastasis.
Immunotherapy for cancer has come a long way and has just entered a golden age as a result of recent breakthroughs with checkpoint blockade therapies. Immunotherapy targeting Tcell checkpoint molecules, such as CTLA-4 and PD-1, is currently one of the most promising new therapeutic approaches for cancer therapy. Anti-PD-1 and anti-CTLA-4 have been used to attenuate Treg suppressor function and reverse effector T-cell dysfunction to eradicate tumors (70, 71) . Adoptive transfer of in vitro-expanded autologous T cells or genetically engineered T cells has also been showing clinical promise (72). However, a major obstacle to obtain the maximal therapeutic effect from immunotherapy is the limitation of infiltration of effector T cells into tumor bed due to abnormal tumor vessels, hypoxic conditions, and an overall suppressive microenvironment (73) . Finding ways to enhance effector T-cell trafficking and fitness has become a major goal in the field since the successful application of immunotherapy in the clinic. In mouse cancer models, monoclonal antibodies that target Tcell-inhibitory checkpoint can promote antitumor response by enhancing infiltration, proliferation, and activity of CD4 þ and CD8 þ T cells (74) . Differentiation of na€ ve CD4 þ and CD8 þ T cells into Th1 and effector T cells, respectively, is accompanied by the sustained upregulation of CXCR3 (37) . Results from several studies suggest that PD-L1/PD-1 signaling might induce the expression of chemokines and their corresponding receptors, particularly in the CXCR3 system (41, 75, 76) . Recently, it has been shown that anti-PD-1 immunotherapy can enhance the therapeutic efficacy of adoptive cell-transfer therapy by increasing CXCL10 expression in the tumor (41) . The aforementioned findings demonstrate the complex role of chemokines in tumor formation and growth. Because cancer type, disease stage as well as intratumor immune cell composition affect the outcome of treatment, great care should be taken when developing chemokine-based therapies for cancer. To date, several strategies have been developed to block chemokine-dependent responses by depleting chemokines and antagonizing their receptor signaling pathways or to augment chemokine-induced effects by increasing the expression of chemokines using different methods, such as naked DNA plasmids, engineered tumor cells, and transduced DCs (77) . Lack of proper host response in the recognition of immunogenic tumors has remained one of the key challenges in the development of a reliable cancer therapy. Immune recognition of tumor cells can only occur in the presence of APCs and lymphocytes. Hence, there has been great interest in recognizing the chemokine signals that facilitate immune cell recruitment into tumors, ultimately with the aim of exploring the potential-specific enhancement of APC and effector T-cell infiltration and blockade of Treg migration and function.
Concluding Remarks
Chemokines are multifunctional mediators that not only affect immune cell infiltration into tumors, but also have a great impact on the process of tumor growth, angiogenesis, and metastasis. Contribution of chemokines to the overall outcome of tumor development depends on the balance between tumor-promoting and tumor-inhibiting factors. It has become increasingly evident that chemokines are potentially bi-functional during tumor development and may display both tumor-promoting and tumor-suppressive capabilities. Therefore, further study of the distinctions between the protumor and antitumor activities of chemokines is warranted to develop more effective therapies against cancer. Although the mouse tumor studies are encouraging, there is still a long way to go for utilizing chemokine-targeted therapy for the treatment of patients with cancer.
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